The primordial immunoglobulin class, IgD, was the first non-IgM isotype discovered in teleosts. The crucial roles of IgM and IgZ in imparting systemic and mucosal immunity, respectively, in various fish species have been widely established. However, the putative function of a unique IgD isotype during pathogenic invasions has not been well explored. The present study reports the existence of an IgD ortholog in freshwater carp, Catla catla, and further evaluates its differential expression profile in response to bacterial, parasitic and viral antigenic exposure and pathogen associated molecular patterns (PAMPs) stimulation. The IgD of C. catla (CcIgD) cDNA sequence was found to encode 226 amino acids and confirmed homology with heavy chain delta region of Cyprinidae family members. Phylogenetic analysis of CcIgD exhibited greatest similarity with Ctenopharyngodon idella. qRT-PCR analysis revealed significant upregulation (P < 0.001) of IgD gene expression in kidney with respect to other tissues at 24 hr post-Aeromonas hydrophila challenge. CcIgD gene expression in skin was enhanced following Streptococcus uberis infection and in blood following Argulus infection and inactivated rhabdoviral antigen stimulation. Further, the treatment of bacterial and viral products (PAMPs) also triggered significant (P < 0.05) increases in CcIgD mRNA expression in kidney. These findings indicate the functional importance of teleost IgD in orchestrating tissue specific neutralization of antigens on stimulation with different pathogens and PAMPs.
The discovery of a novel chimeric immunoglobulin isotype, IgD, in fish was a remarkable advancement in the field of immunology. The unique heavy chain isotype IgD was the first non-IgM isotype discovered in catfish, Ictalurus punctatus (1). Prior to its discovery in fish, it was generally presumed that IgD occurred predominantly in rodents and primates (2) (3) (4) (5) . However, a second non-IgM isotype, popularly known as IgZ/IgT, has been identified in teleosts (6) (7) (8) . Considering that fish are the oldest vertebrate class to have developed immune systems, it was anticipated that organization of the IgH locus and affinity maturation events would be simpler in teleosts; however, it appears to be more complicated than in tetrapods (6, 9) . Moreover, the existence of two non-IgM isotypes in the absence of conventional class switch recombination in fish is an enigma that is yet to be explored. Inevitably, there has therefore been speculation concerning the existence and functional aspects of unique heavy chain isotypes in the paraphyletic group of fish (9, 10) .
Apart from catfish, IgD ortholog has been reported in Atlantic salmon (11) , Atlantic cod (12) , Japanese flounder (13), fugu (14) , common carp (15) , grass carp (16) , zebrafish (9) and many other species of fish (17) (18) (19) . The gene structures of IgD in teleosts have been reported to exhibit huge genetic diversity as a result of their vulnerability to constant region (Cd) duplications (14) . The labile nature of the ancestral IgD immunoglobulin isotype is attributed to its susceptibility to deletions and internal duplications, which has been strongly inferred on the basis of the identification of IgD homologs in Atlantic salmon with d1-d7 with two duplications (11) . Both transmembrane and secretory forms of IgD have been identified in fugu and channel catfish (1, 14) . Several studies have revealed that teleost IgD and IgM are coexpressed on naive B cells by a typical alternative splicing method that differs from those of other vertebrates (1, 20) . However, very little is known regarding the tissue specific distribution and immunological responses of ancestral IgD heavy chain isotypes against various types of pathogenic stimulation.
Being a vital commercial finfish, the Indian major carp, Catla catla, is subjected to a myriad of detrimental pathogenic invasions (21). Because freshwater carp are increasingly intensively farmed to address increasing demands for food, they are vulnerable to a wide range of bacterial, viral and parasitic infections causing aeromoniasis, streptococcosis, columnaris, koi disease and virus-mediated necrosis (22) (23) (24) . The presence of a limited number of immunoglobulins and the paucity of knowledge regarding their functions in response to frequent pathogenic outbreaks is explicitly responsible for huge mortality rates in the fish farming industry. Therefore, in the present study, we attempted for the first time to determine the crucial role of unique IgD heavy chain immunoglobulins against various pathogens and their associated PAMPs in C. catla. We were the first to report the IgZ heavy chain isotype in C. catla (8) . However, the present study is intended to provide avenues for obtaining functional insights into the ancestral IgD heavy chain isotype in teleosts that may eventually facilitate understanding the development of immune systems in fish and combating of outbreaks of infection in the aquaculture industry.
MATERIALS AND METHODS

Animals
Healthy Catla catla (mean weight $50 g) fingerlings were obtained from the Central Institute of Freshwater Aquaculture, Bhubaneshwar, India. The fish were acclimatized for 4 weeks in 500 L fiber-reinforced plastic tanks with constant aeration using an electric aerator pump. The tank was filled with chlorine-free tap water, 50% of which was routinely changed for waste removal. The temperature and pH of the water were maintained in a range of 28-30°C and 7.4-7.6, respectively (8, 18) . The fish was fed daily with a standard diet ad libitum along with a commercial carp diet. methanesulfonate (Sigma-Aldrich). Kidneys were collected in TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and total RNA extracted as described by Patel et al. (8) . The integrity of extracted RNA was checked in 1% agarose gel and quantified in a BioPhotometer (Eppendorf, Hamburg, Germany). To minimize genomic DNA contamination, RNA was treated with DNase I (Sigma-Aldrich) for 30 min, after which its activity was inhibited by addition of 1 mL of stop solution. Using a RevertAid cDNA synthesis kit (Thermo Scientific, Rockford, IL, USA), 1 mg of DNase treated RNA was reverse transcribed to cDNA as per the manufacturer's instruction, after which 1 mL of oligo-dT or random hexamer primer was added to the DNase-treated RNA and incubated for 5 min at 65°C. Reverse transcription was carried out under the following cycling conditions: 25°C for 5 min, 42°C for 60 min, followed by 70°C for 10 min in a thermal cycler (Bio-Rad, Hercules, CA, USA).
Molecular cloning and sequencing of CcIgD
To obtain CcIgD clones, the submitted IgD sequences of heterologous species such as Cteropharyngodon idella (GQ201421) and Cyprinus carpio (AB598368) were retrieved from the NCBI database. Obtained sequences were aligned in BioEdit sequence alignment software and the conserved sequences used to design primers using Primer 3 software (25) ( Table 1) . PCR was performed using 15.3 mL autoclaved Milli-Q water, 2.5 mL 10Â buffer (Sigma-Aldrich), 3 mL MgCl 2 , 0.5 mL 10 mM dNTP (Invitrogen, Carlsbad, CA, USA), 1.25 mL each of designed forward and reverse primers (Table 1) , 0.2 mL of Taq DNA polymerase (Sigma-Aldrich) and 1 mL cDNA template, making a final volume of 25 mL. A standardized PCR program was run with initial denaturation at 95°C for 3 min, 45 cycles at 95°C for 30 s, 57°C for 15 s and 72°C for 30 s, followed by a final extension at 72°C for 10 min. The PCR product was run on 1.5% agarose gel and the expected band assessed in GelDoc (Bio-Rad), excised, and purified using a Gen Elute Kit (Sigma-Aldrich). The purified DNA was used as template and cloned in pGEMT-Easy Vector (Promega, Madison, WI, USA), followed by blue-white screening of the positive colonies. Plasmids were extracted from positive clones using a GenElute HP Plasmid Miniprep Kit (Sigma-Aldrich). Both forward and reverse strand sequencing of plasmid DNA was performed with T7 and Sp6 primers with a ABI Prism 300 platform. The obtained sequences were confirmed by BLAST search and submitted to the NCBI GenBank database (KY089044). The conserved domain structure of partially sequenced IgD was predicted based on multiple sequence alignment with the help of phylogenetic analysis along with the other known sequences using the neighbor-joining method with MEGA 6.0 software (26) .
Analysis of transcript expression in response to infection with pathogens
Bacterial challenge
Streptococcus uberis (ATCC 700407) and Aeromonas hydrophila (ATCC 35654) were obtained as lyophilized cells from Himedia (Mumbai, India) and cultured aerobically in LB broth (Himedia) with constant shaking at 160 rpm for 16 hr. Both cultures were centrifuged at 3000 rpm for 5 min and the pellets washed twice with PBS (pH-7.4), after which the fresh pellets were re-suspended in PBS. For the infection study, viability of cells was assessed by determining CFUs using 10-fold serial dilutions of culture on nutrient agar plates. The healthy fish was injected with 100 mL of PBS containing 4 Â 10 6 CFU/fish of A. hydrophila and 1 Â 10 6 CFU/fish of S. uberis intra-peritoneally.
The control group of fish was injected only with 100 mL PBS. The A. hydrophila-and S. uberis-infected fish were killed after 24 hr, 48 hr and 72 hr. Seven immunologically relevant tissues, namely liver, kidney, gill, intestine, spleen, skin and blood were chosen for the in-vivo infection study. These tissues were isolated and aseptically collected in TRIzol reagent. Total RNA extraction and cDNA preparation were performed to check the transcriptomic analysis of IgD in different basal and pathogen-stimulated tissues.
Parasitic challenge
Healthy fingerlings of C. catla ($50 g) were co-cultured in tanks containing Argulus sp. The eggs deposited in the tank were collected and allowed to hatch in containers at 28°C in accordance with a standardized protocol (8, 18) . Both control and infected groups of fish were fed with floating carp feed once daily. The metanauplii were counted upon hatching and the development of argulosis inspected routinely. Varying degrees of infection were observed from the 15th day and the infected fish were separated into severely and moderately infected groups, as described by Patel et al. (8) . The fish were killed and the seven tissues to be examined isolated as described above and processed for mRNA expression studies.
Virus antigenic stimulation
To investigate CcIgD mRNA response against viral stimulation, C. catla fingerlings were treated with the inactivated rhabdovirus antigen, which contained inactivated rabies virus formulated with adjuvant. This formulation was acquired commercially as Rabipur (GlaxoSmithKline, Brentford, Middlesex, UK). Each test fish was injected i.m. with 100 mL of inactivated viral antigen; control fish were injected with 100 mL PBS as described by Basu et al. (18) . The stimulated fish were incubated for 24 hr, 48 hr, 72 hr, 96 hr and 120 hr, after which the tissues to be examined were harvested in TRIzol reagent and processed for expression studies.
PAMPs stimulation
For the PAMPs stimulation study, healthy C. catla fingerlings ($50 g) were treated with PGN, poly I:C, LPS or FLA, as described by Basu et al. (27) . The fish were allocated to treated and untreated (control) groups, each PAMP treatment and control group containing three fish. The control fish were injected with 100 mL of PBS. Stock solutions of different PAMPs were prepared as described in previous reports (27) (28) (29) . PGN purified from Staphylococcus aureus (Sigma-Aldrich) was diluted in PBS and 50 mg/fish injected i.v. into the first treatment group. The second group of fish was challenged i.v. with 300 mg/fish of poly I:C (Sigma-Aldrich) reconstituted in diethylpyrocarbonate-treated water. Similarly, LPS isolated from Escherichia coli (Sigma-Aldrich) was diluted in endotoxin free water from a stock solution and a third group of fish injected i.v. with 20 mg/fish of this solution. The last group of fish was injected i.v. with FLA at 1.25 mg/fish (Invitrogen). PAMPs-treated and Àuntreated fish were dissected at 4 hr and 8 hr for RNA extraction, which was processed for mRNA expression studies.
Expression of IgD in immunologically relevant tissues
Total RNA from the treated and untreated groups of fish was extracted using TRIzol reagent (Life Technologies) and cDNA synthesized as described above. qRT-PCR was performed in a Mastercycler ep realplex (Eppendorf), using a total 10 mL of reaction mixture containing 3 mL of autoclaved Milli-Q water, 5 mL of 2X SYBR Select Mix (Applied Biosystems, Foster, CA, USA), 0.5 mL each of forward and reverse primer (Table 1 ) and 1 mL of cDNA as template. The standardized PCR conditions were initial denaturation at 95°C for 2 min, followed by 40 cycles at 95°C for 15 s, 58°C for 30 s and 72°C for 45 s, followed by melting curve analysis to verify amplification of a single product (8) . Relative expression was analyzed by normalizing the target gene with respect to non-regulated gene "b-actin" for all conditions. Triplicate samples were used for PCR, the Ct value of each sample being subtracted from the Ct value of the b-actin sample to give the dCt value. Further ddCt values were obtained by subtracting the dCt value of the sample from the dCt value of the calibrator. Lastly, the fold change was calculated as 2 -ddCt (30) . The control samples were taken as calibrators for the infected samples at the designated time points.
Statistical analysis
Data obtained from three independent qRT-PCR experiments were statistically analyzed using PRISM (Version 5.1). The significance of differences in mean expression between infected treatment groups at various times points and across different tissues was determined by two-way anova. P 0.05 was considered to denote statistical significance.
RESULTS
Identification and phylogenetic relationship of IgD of Catla catla
BLAST analysis showed a 678 bp nucleotide sequence to be a partial cDNA sequence of CcIgD; this was submitted to the GenBank database (Accession Number KY089044.1). The BLAST search results showed 100% similarity with C. idella (GQ429174.1), 78% similarity with Megalobrama amlycephala (KC894947.1) and 78% similarity with C. carpio (AB774152.1). The CcIgD nucleotide sequence with deduced amino acid sequence is depicted in Figure 1a . Multiple protein sequence alignment of CcIgD determined by CLUSTAL omega, along with other known submitted sequences of Danio rerio, M. amblycephala and C. idella, are shown in Figure 1b . The putative heavy chain constant domain of CcIgD was predicted by SMART analysis (Fig. 1c) . MEGA 6.0 software was used to analyze the evolutionary relationship of CcIgD along with known IgD sequences of other fishes. The neighbor-joining method indicated that CcIgD has a high similarity and neighboring relationship with C. idella (GQ429174.1), followed by M. amlycephala (KC894947.1), D. rerio (XM017354675.1), C. carpio (AB774152.1) and Labeo rohita (KT883581.1) (Fig. 2) .
Analysis of CcIgD expression in different tissues
All the immunologically relevant tissues such as liver, kidney, spleen, intestine, gill, skin and blood were collected from the control and treated fish. cDNA synthesis from those relevant tissues was carried out to investigate the expression pattern of CcIgD.
Basal CcIgD expression in various tissues
Healthy fish were injected with PBS and killed to examine basal expression of IgD in seven tissues (liver, kidney, spleen, intestine, gill skin and blood), which were removed from the dead and subjected to RNA extraction. qRT-PCR assay detected significantly stronger expression in kidney ($9.9-fold), followed by blood ($8-fold) (Fig. 3) . Weaker expression was found in other tissues such as gill ($4-fold), skin ($2.8-fold), intestine ($2-fold) and spleen ($1.2-fold).
CcIgD expression after bacterial infection
Fish that had been infected with bacterial pathogens via the intraperitoneal route were killed at specified time intervals (24 hr, 48 hr and 72 hr) and the relevant tissues removed and examined by qRT-PCR. The fish challenged with A. hydrophila showed the strongest expression in kidney ($9-fold, P < 0.001) at 24 hr (Fig. 4a) . However, fish challenged with S. uberis showed greater expression in skin ($4.8-fold, P < 0.001) at 72 hr, followed by weak expression in kidney and blood at 24 hr, 48 hr and 72 hr (Fig. 4b) . CcIgD mRNA expression is presented as a ratio relative to amount of b-actin (internal control) in the same samples. Liver was used as the calibrator and normalized expression of CcIgD in other tissues is presented in fold changes from that calibrator. The results are expressed as mean AE SD from three samples (n ¼ 3). One-way anova using PRISM 5 was used to determine the significance of differences. ÃÃÃ P < 0.001; ÃÃ P < 0.01. Normalized untreated samples were used as a calibrator for evaluating relative CcIgD expression in all tissues under various treatment conditions in terms of fold changes. The results are expressed as mean AE SD from three samples (n ¼ 3). The significance of differences among treatment conditions was evaluated by twoway anova using PRISM 5. ÃÃÃ P < 0.001; ÃÃ P < 0.01.
CcIgD expression after parasitic infection
Parasite-infected tissues were collected for qRT-PCR, which showed significantly stronger expression in kidney ($2.4-fold, P < 0.05) (Fig. 5) . Very weak expression was found in other tissues such as intestine, gill, skin and spleen, which showed stronger expression in moderately infected fish. Kidney tissue had strong IgD expression in moderately infected fish, whereas it was slightly down-regulated in severely infected fish.
CcIgD expression after administration of inactivated rhabdovirus
Fish administered 100mL of inactivated rhabdoviral antigen and control fish were killed at specified time intervals (24 hr, 48 hr, 72 hr, 96 hr and 120 hr). Expression studies showed significant positive upregulation in liver ($18.5-fold) at 24 hr with significant downregulation at 48 hr, 72 hr, 96 hr and 120 hr, followed by kidney and then skin. At 48 hr and 72 hr, CcIgD was expressed significantly more strongly in spleen ($25-fold, P < 0.001). At 120 hr, upregulation of CcIgD was found in blood ($12-fold, P < 0.001) and kidney ($8-fold, P < 0.01) (Fig. 6) . According to the qRT-PCR data, expression of CcIgD was significantly stronger in the tissues than in control fish (values presented as mean AE SD.
CcIgD expression in PAMPs stimulated tissues
Healthy fish were allocated to control and infected groups. The fish were injected with poly I:C, LPS, PGN and FLA in various concentrations and killed at specified time intervals (4 hr and 8 hr) to study CcIgD expression. PGN-treated fish had stronger expression in kidney ($15-fold) than in other tissues at 4 hr and 8 hr. Blood ($3-fold) was very weakly upregulated at 8 hr (Fig. 7a) . In fish treated with poly I:C, kidney showed strong expression ($5.8-fold, P < 0.05) after 4 hr. However, there was a downregulation in kidney and upregulation in skin after 8 hr. There was significant progressive downregulation in spleen, intestine, blood and gill with time (Fig. 7b) . The LPS-treated fish were similarly killed at 4 hr and 8 hr and analysis of kidney ($14-fold, P < 0.001) showed that expression gradually and progressively increased with time (Fig. 7c) . The other immunologically relevant tissues assessed showed significant progressive downregulation with time.
Similarly, in FLA-treated fish, kidney ($4.8-fold) showed significant upregulation in IgD expression whereas the other tissues examined had significant progressive downregulation with time (Fig. 7d) . Thus, expression in all the immunologically relevant tissues tested was significantly downregulated whereas, in kidney it was considerably and progressively upregulated with time.
DISCUSSION
Pisces are the oldest vertebrates to have developed adaptive immune systems and are therefore excellent candidates for speculations on the evolution of immunoglobulins and crosstalk between the innate and adaptive immune systems. The adaptive defense mechanism includes synchronization of typical elements such as-T-cells, B-cells, membrane bound or secretory Igs and different type of cytokines to play multifarious roles against the invasion of the host body by pathogens (31, 32) . Teleosts reportedly possess three Ig isotypes; namely, universal IgM, IgD and the most restricted, IgZ/T (6). The teleost IgM isotype shares structural and functional similarity with mammalian IgM, whereas reports on teleost IgZ/T have elucidated it has a mucosa-associated immune function (7, 33) . However, since the discovery of heavy chain delta region (IgD) in humans and fish, there has been ongoing mystery regarding its expression through a unique splicing mechanism and its functional contribution to immunity in fish. Additionally, there are no reports regarding the existence of IgD ortholog, its tissue specific distribution or role against various pathogens in Indian major carp, Catla catla. However, for the first time, the current research reports the presence of IgD in C. catla, which opens up avenues toward understanding the evolution of IgD in vertebrates and sheds light on its immunological contribution to combatting pathogens in the aquaculture industry. The partial cloning sequence of IgD present in the freshwater species, C. catla, showed 100% and 93% similarity with IgD sequences of C. idella (GQ429174.1) and M. amlycephala (KC894947.1), respectively, in addition to 80% similarity with IgD heavy sequences of C. carpio (AB774152.1). SMART analysis of the CcIgD protein sequence exhibited homology with immunoglobulin constant chain region. Phylogenetic analysis of sequenced CcIgD indicated that C. catla is closely related to other members of the Cyprinidae family, which consists of C. idella, D. rerio and M. amlycephala. In contrast, IgM sequences of C. idella (DQ417927.1), M. amlycephala (KC894945.1) and C. carpio (AB004105.1) were taken as outgroup that forms a distinct clade in the phylogenetic tree, as anticipated. A similar result was found in a phylogenetic relationship study of L. rohita, which showed a closed relationship with the Cyprinidae family (18) .
Direct exposure of fish to detrimental pathogens has a massive impact on the aquaculture industry because of the resultant heavy loss of fish (34). The potent bacterial manifestations and subsequent enterotoxin release in carps result in hemorrhagic septicemia, abscesses and eye lesions (22) . The defensive response mounted against these detrimental pathogens encouraged us to analyze the transcript expression of CcIgD. A. hydrophila-infected fish showed significantly increased expression at 24 hr and 48 hr in kidney, together with weak expression in intestine, blood, spleen and skin with the progression of time. At 72 hr, skin and blood showed minimal IgD expression. These results corroborate the recent finding that liver and kidney show strong expression in L. rohita (18), whereas significant upregulation was reportedly found in liver, followed by kidney, gill and spleen in M. amblycephala (35) . However, gram-positive Streptococcus sp.-infected fish showed maximum upregulation in skin, kidney, and blood at 72 hr, whereas, liver, spleen, intestine and gill showed gradual downregulation with the passage of time. Earlier research has shown that, when stimulated with Streptococcus agalactiae, Oreochromis niloticus (Tilapia) shows a similar significant increase in expression in kidney and spleen (19) . Hence, we postulate that B-cells expressing IgD are activated immediately after invasion of the host by a bacterial pathogen and are specifically concentrated in the kidney, which compensates for the functions of absence of bone marrow in teleosts (36) .
Increased fish mortality caused by parasitic intrusion and sequential disruption of internal organs causes huge setbacks in the aquaculture industry. These setbacks could be minimized by better understanding the functional roles specific organs play in orchestrating immune responses. Argulus sp.-infected fish exhibit stronger expression of CcIgD in kidney, followed by blood, with weak expression in gill, intestine and spleen. Similar IgD expression has been reported for Argulus-infected rohu (18, 37) . Hence, there is justification for assuming that IgD plays a crucial role in neutralization of both bacterial and parasitic invasion. Previous research findings have indicated that IgD, being a primordial immunoglobulin, plays an important role in the adaptive immune system that is similar to that of IgM (5) . All detrimental live pathogens that have been investigated The results are expressed as mean AE SD from three samples (n ¼ 3). The significance of differences among treatment conditions was evaluated by two-way anova using PRISM 5.
Ã P < 0.05. . The significance of differences among treatment conditions was evaluated by twoway anova using PRISM 5. ÃÃÃ P < 0.001; ÃÃ P < 0.01.
have shown upregulation in kidney, indicating that IgD is predominantly distributed in kidney and to a lesser extent in peripheral blood leukocytes (13, 14) .
Various epizootic viral infections have disastrous effects in the aquaculture industry by inducing apoptosis and necrosis, resulting in huge mortality rates (24) . These infections are known to cause petechial hemorrhages, erratic swim behavior and abdominal erythema, disrupting the living patterns of fish (38) . Analysis of CcIgD expression in response to inactivated rhabdovirus stimulation revealed significant upregulation in liver at 24 hr followed by spleen, kidney and blood, showing it plays a significant role in defending against this pathogen and signifying that IgD is present on the surfaces of B-cells. Gill, intestine and skin exhibited mild CcIgD expression on assault with inactivated rhabdoviruses in C. catla. Contrary to our findings, viral studies performed in other fish, such as sea bass (39) , sea bream (40) and rohu (18) , have indicated that the kidney functions as a major lymphoid organ. This signifies that CcIgD responses to viral antigenic stimulation may be species specific and depend on several niche factors that regulate tissue distribution of IgD-expressing B cells.
Variation in transcriptomic tissue specific expression enables researchers to better understand functional aspects of different immunoglobulin isotypes. Previous studies have suggested that PRRs present on the surface of immune cells help in recognition of PAMPs, thus orchestrating immune signals for triggering antimicrobial and proinflammatory responses (41) (42) (43) . This activation of immune cells stimulates a horde of downstream signaling molecules, which, with the help of immune-receptors, chemokine and cytokines, results in instigation of gene expression (44) . Therefore, the final consequences of infection depend on the intricate balance between the pathogen and various host immunoglobulin isotypes. Among diverse immunoglobulins, the delta heavy chain isotype (IgD) plays a crucial role in differentiation and development of B-cells. Thus, we analyzed transcriptomic expression in tissues in response to various PAMPs, because PRRs are expected to play a dominant role against detrimental infection. PGN, poly I:C, LPS and FLA, which are basically purified pathogenic products, bind specifically to the recognition receptors of invading organisms (45) .
In the present study, all PAMPs stimulated C. catla, indicated significant upregulation of IgD expression in kidney, similar to that which occurred in response to live pathogens. Fish infected with the gram-positive bacteria, S. uberis, were found to have significant upregulation in skin at 72 hr and weak expression in kidney at 4 hr, whereas PGN-stimulated fish showed stronger expression in kidney post 4 hr and 8 hr than in other tissues or after live pathogen infection. Similarly, fish infected with the potent gram-negative bacterium, A. hydrophila, showed significant upregulation in kidney 24 hr and 48 hr after infection. In line with A. hydrophila, LPS-treated tissues showed stronger expression of CcIgD in the kidney at 8 hr than in liver, gill, spleen, intestine, skin and blood. It has been reported that zebrafish challenged with LPS exhibit time dependent upregulation of IgD expression. However, IgD expression was weaker at all time points than IgM and IgZ expression (46) . Analysis of expression in flagellinchallenged C. catla tissues showed significant upregulation in kidney after 8 hr that was substantially weaker than that reported after A. hydrophila infection. An earlier study of TLR expression in L. rohita after administration of flagellin and infection with A. hydrophila revealed that bacteria-infected carp showed stronger TLR expression in tested tissues except liver, whereas flagellin-stimulated carp showed minimal expression (27) . It has been well established that gram-positive and gram-negative bacteria along with various components of their cell walls or cell membrane can activate additional TLR receptors (47) . Similarly, it has been reported that dsRNA can accumulate in cytoplasm during Herpes simplex virus infection and may thus be a potent ligand for cytosolic dsRNA receptors (48) . In the present study, we found that kidney displays strong expression at 4 hr and gradually decreases thereafter, followed by upregulation in skin at 8 hr in poly I:C-stimulated C. catla. In contrast with poly I:C, fish injected with inactivated rhabdovirus antigen had stronger expression in liver at 24 hr whereas with the passage of time spleen showed upregulation at 48 hr and 72 hr. At 120 hr after stimulation, the major functioning lymphoid organs, kidney and blood most strongly expressed IgD. Compared with various previous reports (43, 49) , the present findings emphasize the potency of using live bacteria or other pathogens in orchestration of immune responses in comparison to PAMPs, this being attributable to the restricted specificity of PAMP-PRR interactions. It is clear that various pathogens harbor different physiological components that may affect their ability to bind to PRRs such as TLR, leading to corresponding induction of immunoglobulins in the host tissue.
The results of the present study indicate the functional mechanism of unique immunoglobulin isotype, IgD in teleosts in response to infection with various pathogens. It elucidates that ancestral IgD isotype is not only present in C. catla but also orchestrates crucial immune response against various pathological infiltrations. In addition, this study emphasizes understanding of the organization of the IgH locus in teleosts, thus potentially delineating the evolutionary divergence of immune function b-actin was used as an endogenous control. Normalized untreated samples were used as a calibrator for evaluating relative CcIgD expression in all tissues under various treatment conditions in terms of fold changes. The results are expressed as mean AE SD from three samples (n ¼ 3). Two-way anova was used for determination of the significance of differences using PRISM 5.
ÃÃÃ P < 0.001; ÃÃ P < 0.01; Ã P < 0.05.
